Abstract Developmental progress of germ cells through meiotic phases is closely tied to ongoing meiotic recombination. In mammals, recombination preferentially occurs in genomic regions known as hotspots; the protein that activates these hotspots is PRDM9, containing a genetically variable zinc finger (ZNF) domain and a PR-SET domain with histone H3K4 trimethyltransferase activity. PRDM9 is required for fertility in mice, but little is known about its localization and developmental dynamics. Application of spermatogenic stage-specific markers demonstrates that PRDM9 accumulates in male germ cell nuclei at pre-leptonema to early leptonema but is no longer detectable in nuclei by late zygonema. By the pachytene stage, PRDM9-dependent histone H3K4 trimethyl marks on hotspots also disappear. PRDM9 localizes to nuclei concurrently with the deposition of meiotic cohesin complexes, but is not required for incorporation of cohesin complex proteins into chromosomal axial elements, or accumulation of normal numbers of RAD51 foci on meiotic chromatin by late zygonema. Germ cells lacking PRDM9 exhibit inefficient homology recognition and synapsis, with aberrant repair of meiotic DNA double-strand breaks and transcriptional abnormalities characteristic of meiotic silencing of unsynapsed chromatin. Together, these results on the developmental time course for nuclear localization of PRDM9 establish its direct window of function and demonstrate the independence of chromosome axial element formation from the concurrent PRDM9-mediated activation of recombination hotspots.
Introduction
The genetic hallmark of gametogenesis is meiosis, during which a protracted meiosis I prophase sets up meiotic and developmental competence of the gamete. Meiotic prophase I includes complex chromatin remodeling events that enable pairing, synapsis, and recombination between homologous chromosomes. In mammalian males, meiosis is initiated by post-mitotic germ cells, the pre-leptotene spermatocytes, with a protracted period of DNA replication producing two sister chromatids linked by cohesin complexes, some of which are meiosis-specific (Bolcun-Filas and Schimenti 2012), contributing to the axial elements (AEs) of each homolog. The period beginning with the pre-leptotene S-phase and culminating in homologous synapsis at the beginning of the pachytene stage is marked by dramatic chromatin remodeling, involving recombination site activation, condensation of chromatin, and assembly of a unique array of chromosomal proteins. After selection and activation of recombination sites, meiotic recombination-initiating double-strand DNA breaks (DSBs) are created by SPO11 (Bolcun-Filas and Schimenti 2012; Handel and Schimenti 2010) . During leptonema, before chromosome pairing and synapsis, RAD51, DMC1, and phosphorylated histone H2AFX (P-H2AFX, also known as γH2AX) accumulate in chromatin surrounding the DSBs. Chromosome ends attach to the nuclear envelope and cluster into a Bmeiotic bouquet,^the function of which is unknown. Nuclear envelope association and/or the bouquet may facilitate chromosome movement and/or positioning (Scherthan 2001) leading to homologous chromosome pairing and Electronic supplementary material The online version of this article (doi:10.1007/s00412-015-0511-3) contains supplementary material, which is available to authorized users. initiation of synapsis during the zygotene stage. Both homologous chromosome synapsis and progress of recombinationbased DSB repair occur in the context of a unique meiotic chromosomal scaffold, the synaptonemal complex (SC), consisting of the lateral elements (LEs), derived from the AEs, and a central element (CE) that Bzips^the homologs into the intimate juxtaposition termed synapsis. The subsequent pachytene stage, defined cytologically by full synapsis, is when DNA exchange (crossover recombination) between homologous non-sister chromatids is manifested in focal structures termed recombination nodules, which contain the mismatch repair proteins MLH1 and MLH3. Recombination events are resolved toward the end of meiosis I prophase, when chromosomes condense further, with chiasmata are clearly visible at the diplotene stage, followed by the two meiotic divisions (Handel and Schimenti 2010) .
The protein responsible for selection and activation of specific mammalian recombination sites is PRDM9 (Baudat et al. 2010 Parvanov et al. 2010 ), a multi-domain protein ( Fig. 1a ) characterized by C-terminal DNA-binding zinc finger (ZNF) domain, a PR-SET domain and both KRAB and SSXRD domains. PRDM9 has been shown by genetic and physical assays to bind to recombination hotspots and the different allelic variants of PRDM9 account for variability in hotspot selection in mice (Baker et al. 2014; Baudat et al. 2010; Billings et al. 2013; Borde and de Massy 2013; de Massy 2013; Paigen and Petkov 2010; Parvanov et al. 2010) . As predicted by its SET domain, PRDM9 has histone H3 lysine 4 (H3K4) trimethyltransferase activity (Hayashi et al. 2005) and is responsible for H3K4me3 marks at hotspots of mouse spermatocytes and subsequent nucleosome rearrangement (Baker et al. 2014; Baudat et al. 2013; Brick et al. 2012; de Massy 2013) .
At the same time that recombination site activation occurs, there is dramatic remodeling of chromatin, homology recognition, and assembly of the SC. Together, these events lead to homologous synapsis, which facilitates reciprocal recombination and accurate segregation of chromosomes. Postreplicative DNA strands (chromatids) are bundled by the cohesin protein complex. Cohesin is a ring-shaped protein complex comprised of two structural maintenance of chromosomes ATPase proteins, SMC1A (also known as SMC1α) and SMC3, with non-SMC subunits, the kleisin RAD21 and a HEAT-repeat domain STAG protein (Revenkova and Jessberger 2006) . In addition to these components expressed ubiquitously in somatic cells, there are meiosis-specific cohesin subunits assembled during early meiotic prophase I concurrently with recombination hotspot activation. The meiosis-specific SMC1A paralog is SMC1B (also known as SMC1β) (Revenkova et al. 2001; Revenkova and Jessberger 2006) ; the meiosis-specific kleisins are REC8 (Eijpe et al. 2003) and RAD21L Herran et al. 2011; Ishiguro et al. 2011) ; and STAG3 is the meiosisspecific STAG1/2 (also known as SA1/SA2) paralog (Pezzi et al. 2000; Prieto et al. 2001) . Few details are available on the precise timing of deposition of these proteins in meiotic chromatin, but they exhibit early meiotic prophase I colocalization with proteins (e.g., SYCP3) that form the meiotic chromosome AEs, which are precursors of the LEs of the mature SC. Indeed, absence of both meiosis-specific kleisins can lead to failure to form the AEs and spermatogenic arrest at a leptotene-like stage, earlier than the arrest of other known meiotic mutations (Llano et al. 2012) .
PRDM9 clearly plays a key initiating role in the progression of meiotic events, but the cellular dynamics and mechanisms(s) by which it does so are not known. Moreover, the consequences of its absence for the concurrent events of meiotic chromatin remodeling are poorly understood. The phenotype of Prdm9-deficient mice is informative. Both males and females are infertile. In spermatocytes, meiotic arrest occurs at an abnormal Blate zygotene/pachytenelike^stage, with aberrant synapsis and apparent impairment of DNA DSB repair (Hayashi et al. 2005) . In Prdm9 mutant testes, there is cytological evidence of DSB formation with nuclear accumulation of P-H2AFX and DMC1 (Hayashi et al. 2005) . Interestingly, molecular evidence suggests that meiotic DSBs in Prdm9-mutant germ cells are not at hotspot sequences, but directed to other sites, such as promoters (Brick et al. 2012) . Given the multi-domain nature of PRDM9, it is not clear which aspects of the null developmental phenotype derive directly from failed initiation of recombination or indirectly, perhaps from aberrant chromatin modifications. Establishing the developmental and subcellular localization of PRDM9 in nuclei, a primary objective of this study, sets limits on the time frame and mechanisms by which it functions. We also determined the consequences of PRDM9 deficiency for meiotic chromatin axis formation and homologous synapsis. We find that PRDM9 is present in prophase I nuclei transiently, during the leptotene and zygotene stages when the meiotic chromosomal axis is elaborated. While nuclear PRDM9 is not required for concurrent chromosome AE assembly, it is required for subsequent synapsis and meiotic progress.
Results
Transient nuclear localization of PRDM9 during early meiotic prophase I Both Prdm9 transcript and PRDM9 protein are expressed during meiotic prophase I. Transcription of Prdm9 is developmentally regulated during the juvenile onset of spermatogenesis and meiosis, appearing at 7 and 9 dpp, coinciding with the first appearance of pre-leptotene spermatocytes, and then decreasing when pachytene spermatocytes become the most abundant germ cell type in the testicular cell population (Supplemental Fig. 1a) , suggesting transcription by early prophase I spermatocytes. We produced an antibody against an N-terminal domain peptide of PRDM9 (Materials and Methods, Fig. 1a ). The specificity of this antibody was tested by Western blot analysis (Fig. 1b) of testis extracts from three distinct Prdm9 mutants (see below for description of the mutant alleles). This analysis revealed that the antibody recognizes a protein of the anticipated molecular weight for PRDM9 (~97 kDa). The full-length protein is diminished in lysates from heterozygous mice and absent in lysates from Prdm9-deficient testis, although in mutants with an allele truncating, the protein before the ZNF domain, a lower molecular weight band is detected (Fig. 1b) . Western blot analysis of developmental expression of PRDM9 protein (Supplemental Fig. 1b ) revealed a developmental pattern of protein expression similar to the Prdm9 transcript expression.
To determine if PRDM9 demonstrates inherent nuclear localization and if it can be recognized in situ by our antibody, we transfected HEK293 cells with a FLAG-tagged Prdm9 construct encompassing the entire open reading frame and then immunolabeled the cells with either anti-PRDM9 or anti-FLAG antibodies (Supplemental Fig. 1c ). We found that signals for both anti-PRDM9 and anti-FLAG co-localized with DAPI-stained DNA, suggesting inherent nuclear localization of PRDM9, even in heterologous cells. Indirect immunofluorescence labeling of seminiferous tubules with the antibody demonstrated both cytoplasmic and nuclear signals (Fig. 1c, left panel) ; however, the nuclear PRDM9 signal was absent in spermatocytes in Prdm9-deficient mice (Fig. 1c, middle panel) . Additionally, pre-immune serum also gave non-specific background cytoplasmic signal (Fig. 1c,  right panel) . Therefore, we consider that while the cytoplasmic signal is non-specific, the specific nuclear signal is biologically informative. alleles. b Western blot analysis of testis extracts from the three distinct Prdm9 mutants, using the custom-produced PRDM9 antibody. PRDM9 protein (~97 kDa) is detected in whole testis extracts of wild-type and heterozygous mice but is absent in extracts from homozygous mutants bearing any of the three alleles. Bands indicating a truncated protein (~45-55 kDa) are detected in homozygous and heterozygous mice bearing either the Prdm9 M1045Lja or the Prdm9 repro7 allele but not in extracts of Prdm9 tm1Ymat mutants, where the antigenic peptide is deleted. c PRDM9 is detected in nuclei of germ cells in seminiferous tubules from wild-type mice (arrow in left panel) at 8 dpp but not in Prdm9 tm1Ymat germ cells (middle panel) or in testes labeled with a pre-immune control antiserum (right panel). Scale bar=20 μm
To determine the meiotic time span when PRDM9 is detectable in germ cell nuclei, we examined different kinds of histological and cytological preparations of testes and germ cells, immunolabeled with antibodies detecting stage-specific proteins. These preparations included micro-dissected and whole-mounted tubules (Fig. 2, Supplemental Fig. 2c-f ), whole mounts of germ cells (Supplemental Fig. 2a, b) , and standard histological sections (Fig. 3) . Despite considerable effort, we were unable to detect PRDM9 in any of a variety of procedures for spreading spermatocyte chromatin (Cobb et al. 1999; Peters et al. 1997) , possibly indicating that these ionic conditions and disruptive procedures result in dissociation of PRDM9 from its DNA targets. To determine if PRDM9 is present in spermatogonia, we examined wholemounted seminiferous tubules retrieved from mice at 8 dpp, which contain undifferentiated spermatogonia, differentiating spermatogonia, and pre-leptotene spermatocytes. To discriminate among these cell stages, preparations were immunolabeled with anti-KIT, which labels differentiating spermatogonia but not pre-leptotene spermatocytes, and anti-STRA8, which labels both differentiating spermatogonia and pre-leptotene spermatocytes (Yoshinaga et al. 1991; Zhou et al. 2008) . Double labeling with anti-PRDM9 and either anti-KIT or anti-STRA8 revealed that PRDM9-positive cells are KIT-negative, and STRA8-positive, although not all STRA8-positive cells are PRDM9-positive ( Fig. 2a-h ), indicating that PRDM9 is present in nuclei of pre-leptotene spermatocytes. We also used EdU (a thymidine analog) labeling at 8 dpp to track S-phase and post-S-phase pre-leptotene spermatocytes (Boateng et al. 2013 ). The juvenile males were injected with EdU for a 6-h pulse, followed by removal of testes for immunolabeling. Under these conditions, we found that some but not all EdU-labeled cells were positive for nuclear PRDM9 (Supplemental Fig. 2c-f ). Taken together, these observations suggest that PRDM9 initially localizes to Sphase and post-S-phase spermatocytes (pre-leptotene and leptotene).
To determine when PRDM9 ceases to be detectable in spermatocyte nuclei, a combination of anti-PRDM9 and antibody recognizing SYCP3, a protein component of the AE of chromosomes and lateral element (LE) of the SC, was used to label specific stages of the adult seminiferous epithelium (Figs. 2 and 3 ) as well as whole-mounted isolated germ cells (Supplemental Fig. 2a, b) . In micro-dissected stage VII-VIII tubule whole mounts (Parvinen et al. 1993) (Fig. 2i-l) and histological cross sections of the same stages from adult mice ( Fig. 3a- h, m), nuclear PRDM9 signal was found in SYCP3-positive pre-leptotene spermatocytes located adjacent to the seminiferous tubule basement membrane but not in spermatocytes with SYCP3 morphology typical of pachytene spermatocytes . In stage IX-X tubule whole mounts, immunolabeling revealed nuclear PRDM9 signal in mid-zygotene spermatocytes but not in pachytene cells (Fig. 2m-p) . In histological cross sections at stage XII, there was no detectable PRDM9 signal in either the late zygotene spermatocytes or the metaphase spermatocytes ( Fig. 3i-l, n) . Together, these observations indicate that PRDM9 localizes to pre-leptotene germ cell nuclei and is no longer detectable by late zygotene (Fig. 3o ). An interesting corollary to this is whether the known functional consequence of PRDM9, trimethylation on histone H3K4, persists into the pachytene stage when nuclear PRDM9 is not longer detectable. To assess this, we conducted chromatin immunoprecipitation (ChIP) for PRDM9-dependent histone H3K4me3 marks on known hotspots in both germ cells enriched from testes of 12 dpp males, which are predominantly leptotene to zygotene, and in mid-to late-pachytene spermatocytes enriched from adult testes by sedimentation at unit gravity. We examined both recombination hotspot and transcribed gene sequences. The sequences assessed included (1) BHlx1,^a recombination cold spot in the region of the Hlx gene, not exhibiting H3K4 trimethylation in B6 males (Baker et al. 2014) , used for normalization; (2) recombination hotspots known to exhibit PRDM9-dependent H3K4 trimethylation in B6 males (Baker et al. 2014) , briefly designated by nearby gene names: BPbx1, BArmc9-1,^and BFcgr4;^and (3) promoter sequences of Gapdh, a housekeeping gene, and Sycp1, a gene transcribed in pachytene spermatocytes (unpublished transcriptome data), both of which exhibit histone methylation not dependent on PRDM9. As shown in Fig. 4 , enrichment of Pbx1, Armc9-1, and Fcgr4 in the H3K4me3 ChIP product was high in early spermatocytes from 12 dpp mouse testes but significantly diminished in pachytene spermatocytes. In contrast, non-PRDM9-dependent histone H3K4 methyl marks on actively transcribed Sycp1 was enriched in pachytene spermatocytes. Thus, we conclude that PRDM9 methyl marks are not enriched in nuclei of pachytene spermatocytes, consistent with the fact that presence of PRDM9 is not detected.
Together, these cytological and molecular observations demonstrate that PRDM9 is in nuclei of pre-leptotene, leptotene, and early to mid-zygotene spermatocytes (a period of roughly 48 h), but is not detected by late zygonema or during the pachytene stage (which has a duration of approximately 1 week in male mouse germ cells) (Fig. 3o ).
Early meiosis prophase I arrest, chromosome axis formation, and synapsis in Prdm9-mutant spermatocytes To confirm and extend previous analysis (Hayashi et al. 2005) of the consequences of PRDM9 deficiency, we analyzed phenotypes of three distinct Prdm9 mutant alleles. Overall, each of the three alleles causes infertility phenotypes with meiotic prophase I arrest of spermatocytes. One allele is the previously published Prdm9 targeted mutation, Prdm9 tm1Ymat (Hayashi et al. 2005) , with a deletion of exons 2-5 and no protein production (Fig. 1a, b) . A second allele is an ENU-induced mutation produced by the Reproductive Genomics Program at The Jackson Laboratory (Handel et al. 2006) 
. This is a nonsense mutation, a G to A transition changing Q478 to a premature stop codon (Fig. 1a, b) . The third allele is another ENU-induced mutation (Weiss et al. 2012) . Contrary to the original publication, we found that this allele, Prdm9
M1045Lja
, is an A1276T mutation, with a stop codon at K426 (Fig. 1a, b) . Although no full-length PRDM9 , g, and h), and STRA8 (red in f and h). Arrows in b and d denote spermatogonia, and in f and h, the arrows indicate preleptotene spermatocytes. i-l Seminiferous tubules retrieved from adult mice at stage VII-VIII (i) were immunolabeled with anti-SYCP3 (red in j and l) and anti-PRDM9 (green in k and l). Both SYCP3 (red) and PRDM9 (green) are localized in pre-leptotene spermatocytes (arrow head in j-l), but PRDM9 (green) is not present in pachytene spermatocytes (arrow in j-l). m-p Squashed germ cell preparations from adult seminiferous tubules at stage IX-X (m) were immunolabeled with anti-PRDM9 (green in n-p), anti-SYCP3 (red in o and p), and P-H2AFX (pink in p). PRDM9 (green) and SYCP3 (red) are localized in zygotene spermatocytes (arrow head in n-p), but PRDM9 (green) is not present in pachytene spermatocytes (arrow in n-p). Nuclei were counterstained with DAPI in blue (a, d, e, h, l, and p). Scale bars=20 μm protein is detected in testes of homozygous Prdm9 tm1Ymat mice, the Prdm9 repro7 and Prdm9 M1045Lja mutant germ cells produce a truncated protein detected by our antibody that is presumably the N-terminal domains without the ZNF domain. The infertility phenotypes of these two alleles reveal the essential nature of the DNA-binding domain for PRDM9 meiotic function. The testis histological phenotypes of the two ENU-induced alleles (Prdm9 repro7 , Prdm9
) recapitulate those of the original allele (Prdm9 tm1Ymat ). We found that spermatogonia and spermatocytes were present but no post- Localization of PRDM9 (green) was observed in pre-leptotene (PL) but not pachytene (P) spermatocytes as identified by both the seminiferous tubule stage and the labeling pattern of SYCP3 (red). i-l and n Adult testis cross sections at stages XII (n) were immunolabeled with anti-PRDM9 (green in k-l) and anti-SYCP3 (red in j and l). Localization of PRDM9 (green) was not detected in late zygotene (LZ) and metaphase I (M) spermatocytes as identified by the seminiferous tubule stage and the labeling pattern of SYCP3 (red). Nuclei were counterstained with DAPI in blue (a, e, i, and l). Scale bar=20 μm. o Summary of nuclear localization pattern of PRDM9 in spermatogonia and early meiotic prophase I spermatocytes. SPG spermatogonia, PL/L preleptotene to leptotene spermatocytes, Z zygotene spermatocytes, LZ late zygotene spermatocytes, P pachytene spermatocytes meiotic spermatids were observed in testes of mice homozygous for any of the three Prdm9 alleles ( Fig. 5a-d ). In the present study, all observations were confirmed for each of the three distinct mutations.
Stage-specific markers were used to pinpoint the developmental time of spermatogenesis arrest with respect to the time window for nuclear localization of PRDM9. Chromatin spreads of spermatocytes isolated from 17 dpp mutants, and littermate controls were immunolabeled with anti-histone HIST1H1T (herein, referred to its more common abbreviated designation, H1T), a marker of midlate pachynema (Cobb et al. 1999 ) and anti-SYCP3. At 17 dpp, many wild-type spermatocytes were strongly positive for H1T, whereas there was only weak or background labeling of Prdm9-mutant spermatocytes ( Fig. 5e-h ), indicating arrest before mid-pachynema. This conclusion was supported by immunolabeling to detect MLH1, a marker for the recombination nodules that form in midpachynema (Cohen et al. 2006) ; no MLH1 foci were observed in the Prdm9-mutant spermatocytes ( Fig. 5i-l ). These analyses demonstrate that absence of PRDM9 does not arrest spermatogenesis at the leptotene and zygotene stages when PRDM9 is localized in nuclei; instead, PRDM9 absence causes arrest later in meiosis I prophase, after SC formation.
PRDM9 is localized to spermatocyte nuclei at roughly the same time as the appearance of meiosis-specific cohesin proteins, which are required for formation of the chromosomal AEs (Llano et al. 2012) . We tested whether localization of cohesin complex proteins and chromatid axis formation are compromised due to the loss of PRDM9. We immunolabeled spermatocyte surface-spread chromatin prepared from the leptotene and zygotene stages for SYCP3 (a staging marker) in combination with different subunits of the cohesin complexes, including two meiosis-specific cohesin subunits, RAD21L and REC8, and SMC1A, a structural maintenance of chromosomes (SMC) protein that is a mitotic cohesin subunit and also present on AEs in spermatocytes. As shown in Fig. 6 , the focilike nuclear localization of the three cohesin subunits was detected in leptotene spermatocytes retrieved from Prdm9-deficient mice. The labeling pattern of the three cohesin subunits was indistinguishable from that in wild-type leptotene spermatocytes in terms of co-localization of many foci with SYCP3. At the zygotene stage, the co-localization of SYCP3 and the three cohesin subunits became more obvious in both wild-type and Prdm9-deficient spermatocytes, with no consistent abnormality observed in Prdm9-deficient spermatocytes. These observations indicate that cohesin loading on meiotic chromatin in early prophase I spermatocytes is apparently not affected by the absence of PRDM9, suggesting that cohesin loading occurs before or independently of nuclear localization of PRDM9.
It is thought that SPO11 is recruited and creates meiosisspecific DSBs after binding of PRDM9 to hotspots. Singlestranded DNA produced by resection of DSB ends becomes coated with RAD51, a single-strand DNA-binding protein that promotes the strand invasion step of recombination. Because it is known that the number of RAD51 foci is dependent on Spo11 gene dose (Kauppi et al. 2013) , we asked if the number of RAD51 foci is dependent on Prdm9 gene dose. RAD51 foci on spermatocyte chromatin were counted at three meiotic prophase I substages (late leptotene, early zygotene, and late zygotene, differentiated by SYCP3 labeling and extent of synapsis) for WT, heterozygous and homozygous mutant Prdm9 tm1Ymat mice, as seen in Fig. 7a -f. Scoring data across these early meiotic stages are summarized in Fig. 7g . At early leptonema, RAD51 foci were not distinct and too numerous (>500 per nucleus) to count across all three genotypes. For this presentation, cell counts from all mice of the same genotype were pooled (data were also analyzed on a per-mouse basis, with the same conclusions, data not shown). Across all three genotypes, the number RAD51 foci decreased with progress of meiosis I prophase as expected and observed by others (Ashley et al. 1995) . There were some small, but statistically significant (p<0.03), differences in some genotype comparisons. However, there were no large differences in RAD51 counts/cell among the three genotypes, indicating that a similar number of DSBs per cell are being processed in each case. ChIP-qPCR analysis was performed to assess H3K4me3 levels in C57BL/6 J testicular germ cells on Gapdh and Sycp1 promoter regions, on three known recombination hotspots (BPbx1,^BArmc9-1,^and BFcgr4^), and on a recombination cold spot (BHlx1^). For ease of graphical referral, the recombination spots are designated by the symbol for an associated or nearby gene (in quotes and not italicized, because the recombination spot is not the actual gene sequence); the actual recombination spots are defined by precise genomic position (Table 2 ). Early meiosis I prophase spermatocytes were enriched from 12 dpp testes of three biological samples and subjected to ChIP-qPCR. Pachytene spermatocytes were enriched (85 % purity) by unit gravity sedimentation from adult testes of three biological samples and subjected to ChIP-qPCR. The ChIP-qPCR signal for each sequence is normalized to that for BHlx1^, a cold spot in C57BL/6 J background, used as the negative control, and shown on the y-axis as fold enrichment compared to BHlx1^; the x-axis designates the loci assayed. *p < 0.05; **p < 0.01; ***p<0.00005
This suggests that the number of RAD51 foci is not dependent on Prdm9-gene dose. However, there was greater variability in RAD51 counts/cell among mutant spermatocytes (Fig. 7g) , suggesting possibly aberrant processing. Interestingly, in this context, the disappearance of RAD51 foci from autosomal chromatin, especially those that exhibit pairing failures, was delayed or inhibited in pachytene-like mutant spermatocytes (see below, Fig. 9a, b) . In spite of apparently normal localization of RAD51 and AE proteins in Prdm9-mutant spermatocytes, pairing, assembly of a tripartite SC, and synapsis were not morphologically or quantitatively normal in mutants. Surface-spread chromatin from spermatocytes was immunolabeled with anti-SYCP3 (AE protein) and anti-SYCP1 or TEX12 (CE proteins). In contrast to wild-type spermatocytes, many unsynapsed chromosomes and chromosomal regions, detected by absence of SYCP1 (Fig. 8b, c , e, f) and TEX12 signal (Fig. 8h) , were observed in Prdm9-mutant spermatocytes. These unsynapsed regions co-labeled with HORMAD1 ( Fig. 8j ) and P-H2AFX (Fig. 8e, f, j) , both markers of unsynapsed chromatin. In mutants, normal homologous synapsis was observed in only about 20 % of the germ cells at 17 dpp, and by 21 dpp, less than 10 % of all mutant spermatocytes exhibited completely normal paring. The abnormal pairing configurations observed included partial synapsis, heterologous synapsis, and tangled LEs, but there was no evidence for sister chromatid synapsis as seen in some meiosis-specific cohesin mutants, e.g., in Rec8 mutants . Interestingly, the sex In contrast to normal wild-type histology, no post-meiotic germ cells are present in Prdm9-deficient testes, with all three alleles presenting a similar arrest. e-h Chromatin spreads were prepared from wild-type (e) and Prdm9-deficient (f-h) mice and immunolabeled with antibodies to histone H1T (green in e-h), a marker of the mid-pachytene stage, and with antibody to SYCP3 (red in e-h) for visualization of the SC. Histone H1T (green) signal was absent or at only a weak background level in pachytene-like spermatocytes of Prdm9-deficient mice compared to wild type pachytene spermatocytes. i-l: Chromatin spreads were prepared from wild-type (i) and Prdm9-mutant mice (j-l) and immunolabeled with anti-MLH1 (green in i-l) to mark crossover recombination sites and anti-SYCP3 (red in i-l) for visualization of the SC. No MLH1foci were present in Prdm9-deficient pachytenelike spermatocytes. Scale bars=20 μm chromosomes of mutant germ cells exhibited pairing at the pseudoautosomal region, although, as was the case for autosomal chromosomes in mutant spermatocytes, there was some X-Y dissociation. Thus, although chromosomal LEs are formed in Prdm9 mutant spermatocytes, nuclei with fully normal synapsis were rare.
Compromised repair of DNA double-strand breaks and aberrant transcription in PRDM9-deficient germ cells Arrest of spermatogenesis by the pachytene stage suggested that DNA DSB repair might be affected by loss of PRDM9. We used P-H2AFX as a marker of DSBs to follow repair in Prdm9-mutant spermatocytes. In both wild-type and mutant spermatocytes, positive signals for P-H2AFX were observed throughout the chromatin at the leptotene stage and zygotene stages, confirming previous evidence for DSB formation in Prdm9-mutant spermatocytes (Brick et al. 2012; Hayashi et al. 2005) . In subsequent stages of meiosis in wild-type spermatocytes, disappearance of P-H2AFX signal was observed on the autosomal chromatin, with P-H2AFX becoming restricted to the XY body by the pachytene stage ( Fig. 8d and  j) . This pattern of P-H2AFX localization constitutes evidence for DSB repair on autosomal chromatin in wild-type spermatocytes. In contrast, in Prdm9-mutant spermatocytes, irregular and persistent P-H2AFX signal was observed, suggesting incomplete DSB repair (Fig. 8e, f, j) . Because the persistence of markers of DNA DSBs in Prdm9-mutant spermatocytes suggests abnormal repair responses to DNA damage, spermatocytes were immunolabeled to detect DNA damage response-related proteins, RAD51 (Fig. 9a, b) , ATR (Fig. 9c, d ), BRCA1 (Fig. 9e, f) , and MDC1 (Fig. 9g, h ). In wild-type pachytene spermatocytes, signals for RAD51, ATR, BRCA1, and MDC1 localized only in sex chromatin domains, whereas in the mutant spermatocytes, persistent autosomal localization of RAD51, ATR, BRCA1, and MDC1 was always observed. Taken together, these data are evidence for aberrant and/or delayed DNA DSB repair in Prdm9-mutant spermatocytes.
Unrepaired DSBs are frequently associated with aberrant transcription and is known that P-H2AFX plays a key role in triggering meiotic silencing of unsynapsed chromatin (MSUC) as well as meiotic silencing of sex chromosomes (MSCI) (Turner 2007) . To determine if autosomal transcriptional silencing occurs in Prdm9-mutant spermatocytes, we labeled the spermatocytes with POLII antibody to mark transcriptionally active chromatin. In wild-type pachytene spermatocytes, sex chromosomes are transcriptionally inactive, resulting in a Bhole^in the otherwise pervasive POLII signal that co-localizes with P-H2AFX (Turner 2007) (Fig. 10a-d) . In Prdm9-mutant spermatocytes, the co-localized POLII Bholes^and patches of P-H2AFX were not limited to the sex chromosomes but frequently associated with autosomes ( Fig. 10e-l) . Spermatocytes isolated from wild-type and Prdm9-deficient mutants were also labeled with antibody to SUMO1, also a marker of transcriptional silencing (Rogers et al. 2004 ). Similar to POLII localization, this also provided evidence for abnormal transcriptional silencing in mutant spermatocytes (Supplemental Fig. 3a,  b) . Together, these findings on abnormal pairing (Fig. 8) , aberrant DSB repair (Figs. 7 and 9) , and autosomal transcriptional silencing (Fig. 10) provide evidence for meiotic silencing of unsynapsed chromatin, which might contribute to apoptosis and germ cell loss in PRDM9-deficient spermatocytes. Fig. 6 Localization of cohesin complex proteins in Prdm9-deficient spermatocytes. Chromatin spreads from spermatocytes (meiotic substage indicated on left) isolated from wild-type (a, c, e, g, i, and k) and Prdm9-deficient (b, d, f, h, j, and l) testes were immunolabeled with anti-SYCP3 antibody (red) to mark the SC, combined with anti-RAD21L (green in a-d), anti-REC8 (green in e-h), or anti-SMC1A (green in i-l), to assess cohesin complex proteins. The assembly and morphological localization of these cohesin-related proteins is apparently normal in homozygous Prdm9 tm1Ymat -mutant spermatocytes. Scale bars=20 μm for main panels and scale bar=2 μm for insets
Discussion
Following meiotic commitment of differentiated spermatogonia, the earliest events of meiosis include DNA synthesis during the pre-meiotic S-phase, and chromatin assembly around the AEs to form the chromosome configurations typical of the leptotene and zygotene substages. Here, we show that the period of nuclear occupancy by PRDM9 is brief, encompassing the pre-leptotene to zygotene stages, placing PRDM9 in the right place at the right time to be a player in any of the early or later events of meiosis I prophase: chromatin remodeling, chromosome axis formation, homologous pairing, and synapsis. Chromatin-associated PRDM9 is not required for concurrent deposition of meiosis-specific cohesin complexes, assembly of the lateral chromosome elements, or accumulation of the DSB-recognizing protein RAD51. However, PRDM9 is required, either directly or indirectly, for effective and stable pairing and synapsis of homologs. Moreover, absence of PRDM9 leads to delays and aberrations of both DNA damage repair and global aspects of spermatocyte transcription. -mutant spermatocytes. Chromatin spreads were prepared from wild-type spermatocytes (a-c) and homozygous Prdm9 tm1Ymat -mutant spermatocytes (d-f) and immunolabeled with anti-RAD51 (green) and anti-SYCP3 (red) to mark the SC for staging purposes. These panels (a-f) reveal that RAD51 localizes to both wild-type and Prdm9-mutant chromatin in early meiosis I prophase (meiotic substages indicated across the top and the genotype on the left). Scale bars=20 μm. g In late leptonema (LL), early zygonema (EZ), and late zygonema (LZ), the numbers of RAD51 foci associated with SYCP3 were assessed in Prdm9 +/+ wild-type spermatocytes (WT, where N=4 animals and the total number of cells scored was 15 for LL, 46 for EZ, and 54 for LZ), Prdm9 tm1Ymat /+ spermatocytes (HET, where N=3 animals and the total number of cells scored was 20 for LL, 23 for EZ, and 46 for LZ), and in Prdm9 tm1Ymat /Prdm9-tm1Ymat spermatocytes (MUT, where N=4 animals and the total number of cells scored was 22 for LL, 36 for EZ, and 38 for LZ). The vertical bars represent the SD and the horizontal bars designate the mean number of RAD51 foci. The statistical significance was assessed among genotypes by a Mann-Whitney test. *p<0.005; **p<0.05
PRDM9 and developmental onset of meiosis and recombination
In spite of our knowledge about PRDM9 for over a decade, there has been little knowledge of its intracellular localization and trafficking. In part, this is due to the challenges inherent in producing specific antibodies against PRDM9, a protein with highly conserved domains. The N-terminal domain-recognizing antibody we produced recognizes a specific band of the expected size on Western blot that is absent in the mutants. Fig. 9 Aberrant DSB repair in Prdm9-deficient spermatocytes. Genotypes are designated for each horizontal row. For these images, chromatin spreads prepared from juvenile (17 dpp) wild-type (a, c, e, and g) and Prdm9-mutant testes (b, d, f, and h) were immunolabeled with anti-SYCP3 (red) for staging and antibodies to different DSB-response proteins (green): RAD51 in a-b, ATR in c-d, BRCA1 in e-f, and MDC1 in g-h. Ectopic presence of RAD51, ATR, BRCA1, and MDC1 in autosomal chromatin of Prdm9-deficient spermatocytes suggests the failure of DSB repair. Scale bars=20 μm Fig. 8 Aberrant synapsis in Prdm9-deficient pachytenelike spermatocytes. For these images, chromatin spreads were prepared from juvenile testes and immunolabeled for components of the SC and DNA damage markers. Genotypes are designated for each vertical column. a-f Spread chromatin preparations from wild-type testes (a and d) and Prdm9-deficient testes (b-c and e-f) were immunolabeled with anti-SYCP1 (green), anti-SYCP3 (red), and anti-P-H2AFX (blue), revealing co-localization in mutant germ cells of asynapsis detected by absence of SYCP1 signal (arrows b-c) with P-H2AFX (arrows in e-f). a and d are the same cell, as are b and e, and c and f, respectively. g-j Spread chromatin preparations from wild-type testes (g and i) and Prdm9-deficient testes (h and j) were immunolabeled with anti-SYCP3 (red), anti-TEX12 (green in g and h), a component of the SC CE, or anti-P-H2AFX (pink in i and j) and anti-HORMAD1 (green in i and j), which marks regions of asynapsis. Patchy TEX12 label and persistence of HORMAD1 label on mutant chromosomes indicate numerous regions of asynapsis. Scale bars=20 μm Nonetheless, in immunofluorescence with a variety of germ cell preparations, the antibody produces a cytoplasmic signal inferred to be non-specific, as it is present in both Prdm9-null as well as wild-type spermatocytes. This antibody is thus useful for determining nuclear localization of PRDM9 but not for assessing trafficking of the protein between the nucleus and cytoplasm.
Cytological protein co-localization analyses revealed no nuclear PRDM9 in spermatogenic cells positive for KIT, a mark of differentiating spermatogonia. This observation suggests that meiotic recombination sites are not selected prior to the pre-leptotene S-phase, in spite of recent evidence that overall rate of crossover recombination might be established in spermatogonial stem cells (Vrooman et al. 2015 ). In contrast, nuclear localization of PRDM9 was evident in germ cells positive for STRA8, a marker of differentiated spermatogonia and pre-leptotene to leptotene spermatocytes. In mammals, meiotic initiation is prompted by the stimulated by retinoic acid (STRA8) protein (Anderson et al. 2008 ). In the absence of STRA8, mutant testes lack cells with morphological characteristics of meiosis prophase I and express dramatically reduced levels of transcripts for several proteins characteristic of recombination, such as Spo11 and Dmc1 (Anderson et al. 2008) , although STRA8 expression is not required for Rec8 expression (Koubova et al. 2014 ). Our observations suggest that PRDM9 does not appear in germ cells until after STRA8-induced initiation of meiosis, and thus it is part of a meiotic program of protein expression, rather than a pre-existing spermatogonial program. The presence of PRDM9 in STRA8-positive and EdU-labeled cells suggests that it could be active as early as during the pre-leptotene S-phase, but it is not known if Prdm9 gene and/or protein expression specifically require STRA8 (like the expression of Spo11 and Dmc1) or are independent of STRA8 (like Rec8 expression). The temporal pattern of nuclear localization of PRDM9 raises the interesting possibility that STRA8 may regulate meiotic initiation in part by controlling expression and/or nuclear localization of PRDM9 protein, possibly by establishing a specific cohort of nuclear importin proteins active as meiosis I prophase is initiated (Major et al. 2011) .
After transient localization in the nuclei of early meiosis prophase I spermatocytes, PRDM9 is no longer detectable in Fig. 10 Abnormal meiotic silencing of chromatin in Prdm9-mutant pachytene-like spermatocytes. Genotypes are designated for each horizontal row. Chromatin spreads prepared from spermatocytes isolated from wild-type (a-d) and Prdm9-deficient (e-l) testes were immunolabeled with anti-POLII (green) to detect ongoing RNA synthesis, anti-SYCP3 (blue in c-d, g-h, and k-l) to mark the SC, and anti-P-H2AFX in red. DNA was counterstained with DAPI (blue in b, f, and j). In wild-type spermatocytes, transcriptional silencing is restricted to the XY body (a-d). The white circles denote overlapping P-H2AFX and POLII Bholes,^which indicate abnormal transcriptional silencing in the mutant autosomal chromatin (e-l). Scale bars=20 μm nuclei beyond the late zygotene stage and in early pachynema, when homologous synapsis is established and intact axes of both SYCP3 and SYCP1 are apparent. Additionally, the PRDM9-dependent histone trimethylation marks on several well-characterized hotspots are not detected in enriched pachytene spermatocyte cell populations. These observations support a hypothesis that PRDM9 at specific hotspots is displaced by proteins involved in creating and repairing meiotic DSBs. However, the mechanisms by which PRDM9 and its methyl marks are removed and/or replaced are not known. This could be dependent on protein stability and time (progress of the meiotic cell cycle), or it could be related to active removal during formation of DSBs or synapsis. Assays of histone modifications on specific hotspots cannot currently be done at a single-cell level, and spermatocyte populationlevel assays do not allow marks at a specific hotspot be related to meiotic substage or synapsis. Moreover, it is not clear how PRDM9 is removed from the nucleus by the late zygotene stage and whether it is modified or specifically exported. Another important issue to be resolved is whether or not PRDM9 or its histone methyl marks are present in regions not participating in homologous synapsis (e.g., in a variety of meiotic mutants as well as infertile interspecific hybrids).
Localization data reported here place PRDM9 in spermatocyte nuclei during the period when meiotic recombination is initiated by formation of DSBs, mediated by SPO11, after which single-stranded DNA becomes coated by RAD51. RAD51 foci are first seen cytologically in leptotene nuclei, where they gradually accumulate into tracks or fibers of foci, which then co-localize with the forming LEs of the SC (Ashley et al. 1995) . Subsequently, the number of RAD51 foci declines as spermatocytes achieve full synapsis through late zygonema to the onset of pachynema. We extended previous results (Hayashi et al. 2005) by showing that RAD51 foci form on chromatin in Prdm9-mutant spermatocytes and that there are no major or consistent differences in the number of cytologically visible RAD51 foci in Prdm9-mutant and Prdm9-heterozygous spermatocytes compared to wild-type controls. Thus, the number of DSBs being processed by the RAD51-mediated pathway is apparently not crucially dependent on dose of PRDM9. This inference is in interesting contrast to findings that numbers of RAD51 foci are related to SPO11 dose (Kauppi et al. 2013) and implies that the number of RAD51 foci is a reflection of the actual number of SPO11-induced DSBs and not the number of PRDM9-activated sequences. Indeed, it is known that there are a greater number of PRDM9-dependent sites of histone H3K4 trimethylation than DSBs (Baker et al. 2014) and that DSBs occur in sites other than the PRDM9-dependent H3K4 trimethylation sites in Prdm9-mutant spermatocytes, such as promoter sequences (Brick et al. 2012) . The latter finding suggests that synapsis and other defects in Prdm9-mutant spermatocytes may be attributed to aberrant sites of DSBs in mutants, which perhaps lead to inefficient and/or imperfect synapsis. In spite of no obvious Prdm9-dose dependency, we did observe somewhat greater between animal and cell-to-cell variability in number of RAD51 foci in Prdm9-mutants (but not in heterozygotes). The reason for this is not known, but the observation suggests the possibility of developmental delay in progress through meiotic prophase in the absence of PRDM9 binding and activation of specific target recombination hotspot sequences, reinforcing the inference that ectopic DSBs lead to meiotic disturbances.
PRDM9 and meiosis I prophase chromatin dynamics
PRDM9 is present in spermatocyte nuclei during the time period when chromosomal axes are elaborated, homologous pairing is established, and synapsis is initiated. One of the earliest events of meiosis, probably concurrent with the premeiotic (pre-leptotene) S-phase, is the elaboration of the chromosomal AEs of sister chromatids and deposition of meiosisspecific subunits of the cohesin complexes. The ring-shaped SMC1/3 cohesin complex is fundamental for the formation of a chromosomal axis. In spermatocytes, there is a meiosisspecific SMC1 paralog, known as SMC1B; male mice with a mutated Smc1b gene are infertile with arrest of meiosis and abnormal structure of the SC (Revenkova and Jessberger 2006) . Early meiosis I prophase is also the time when meiosis-specific non-SMC cohesin complex subunits, REC8, RAD21L, and STAG3, are assembled into chromosomal axes. Mutant phenotypes for all three of these cohesin subunits include arrest of meiosis, abnormal SC morphology, disrupted homolog pairing and synapsis, and impaired DSB processing. Notably, not all of these proteins co-localize within the same cohesin complexes, i.e., there are several different meiosis-specific cohesin complexes, with separate functions not yet fully understood (Revenkova and Jessberger 2006) . Specific single (Stag3) or double (Rec8-Rad21l) cohesin subunit mutants exhibit very early meiotic prophase arrest, in the leptotene stage (Fukuda et al. 2014; Hopkins et al. 2014; Llano et al. 2012 Llano et al. , 2014 , providing evidence that these proteins are essential for setting up a chromosomal architecture favoring recombination and homology pairing. Interestingly, the temporal setting for establishing the cohesin-mediated meiotic chromosome AEs encompasses the time period when PRDM9 is first detected in male germ cell nuclei. In fact, the temporal overlap is such that it has not been possible to discern what comes first, PRDM9 localization or localization of meiosis-specific cohesin complexes. However, the data presented here reveal that PRDM9 is not required for either expression or correct localization of meiosis-specific cohesin subunits. REC8 and RAD21L can be detected within spermatocytes bearing any of several mutant Prdm9 alleles, and also the chromosomal AEs appear to be assembled normally in the mutant spermatocytes, an important point because it is known that cohesins are required for assembly of the axis and the SC Llano et al. 2012; Novak et al. 2008; Revenkova and Jessberger 2006) . Moreover, the meiotic cohesins have been postulated to be involved in homologous recombination template bias; by establishing proximity of non-sister chromatids, they appear to promote repair of meiotic DSBs by a non-sister chromatid (Jin et al. 2009; Xu et al. 2005) . Thus, an interesting question for future resolution is whether the establishment of the AEs is required for PRDM9 activation of hotspots and concurrent histone methylation.
Although the SC is assembled with apparently normal morphology in Prdm9 mutants, homology recognition and synapsis are not normal in the mutants, with many of the same defects apparent in mutants for the various meiosis-specific cohesin proteins. It is unlikely that PRDM9 is directly involved in homology recognition; however, it may recruit proteins and/or set up a chromatin structure that facilitates or is a prerequisite for translocation of recombining sequences to the chromosomal axis and the homology search. It is known that in the absence of PRDM9, meiotic DSBs are directed to ectopic promoter sites (Brick et al. 2012) , and possibly, these are less effective as sites to promote homology recognition. The fact that some homologous synapsis does occur in Prdm9-mutant spermatocytes suggests that the process depends only in part on PRDM9-induced chromatin features. However, if abnormal pairing/synapsis were the sole cause of arrest of Prdm9-mutant spermatocytes, we would expect that some of the normal-appearing pachytene spermatocytes should be positive for MLH1 (or H1T); however, this was not found. Thus, abnormal placement of meiotic DSBs or some other direct or downstream function of PRDM9 must determine the early pachytene arrest point.
PRDM9, regulation of meiotic progress, and infertility
Other downstream events precipitated by absence of PRDM9 include aberrant transcriptional effects and eventual germ cell death by apoptosis, which likely eliminates cells with abnormal synapsis. These may well follow from a synapsis surveillance mechanism that is thought to involve the HORMAD1 protein (Daniel et al. 2011) , which is present in Prdm9-mutant spermatocytes (Fig. 8) . Interestingly, Prdm9 alleles strongly influence synapsis and homologous chromosome pairing also in interspecific sterile hybrids (Bhattacharyya et al. 2013 , perhaps from hybrid incompatibility with other genes that may be in the same pathway. In the mouse, although meiotic recombination initiates prior to and independently of synapsis (Mahadevaiah et al. 2001) , synapsis is required for recombination sites to repair DSBs via development into meiotic crossovers (de Vries et al. 2005) . Although arrest of Prdm9-mutant spermatocytes is at a more advanced stage than arrest of most single or double mutants for meiosis-specific cohesins (Fukuda et al. 2014; Hopkins et al. 2014; Llano et al. 2012 Llano et al. , 2014 , Prdm9-mutant spermatocytes exhibit synapsis defects that are in common with those described for spermatocytes mutant for other proteins playing early roles in the recombination pathway, e.g., SPO11 and DMC1 (Bannister et al. 2007; Baudat et al. 2000; Pittman et al. 1998; Romanienko and Camerini-Otero 2000) . These include delayed and/or inefficient repair of DNA DSBs, persistent RAD51 foci and patches of P-H2AFX (this study ; Hayashi et al. 2005) . Characteristically, unpaired homologs undergo transcriptional silencing of genes within unsynapsed chromatin (MSUC) Turner et al. 2005) , and the cytological marks of this are typically associated with unpaired chromatin in many different recombination pathway mutants with incomplete aberrant synapsis (Burgoyne et al. 2009 ), as well as in Prdm9-mutant spermatocytes. Microarray analysis of gene expression in Prdm9-mutant testes is consistent with the cytological observations, revealing autosomal candidate genes with downregulated expression in mutants (Hayashi and Matsui 2006) .
By establishing the time window during which PRDM9 is localized in meiotic nuclei, these findings place PRDM9 in a pathway unfolding independently of specification of the chromosomal axis, and via the PRDM9-dependent activation of recombination hotspots by histone trimethylation. Arrest and elimination of spermatocytes at similar stages can be caused by distinctly different mechanisms and pathways (Barchi et al. 2005) . It is thus likely that the phenotypes of mutant Prdm9 alleles, namely, aberrant synapsis, MSUC, germ cell death, and infertility, are indirect consequences of failed and/or misplaced recombination and shared in common with mutant phenotypes of other genes in the early recombination pathway. Together, these reflect the inextricable link between faithful meiotic recombination and gametogenic success.
Materials and methods

Mice
All mice were obtained from the Jackson Laboratory (JAX) and were bred and maintained in the research colony of the authors at JAX. The protocols for their care and use at suitable ages were approved by JAX Institutional Animal Care and Use Committee (IACUC).
Histological and cytological procedures
Testes were fixed in Bouin's or 4 % paraformaldehyde in PBS overnight and paraffin-embedded. Five micrometer sections were stained with Periodic acid-Schiff (PAS) by standard procedures. A NanoZoomer 2.0HT (Hamamatsu, Japan) was used to acquire images.
Whole mount seminiferous tubule labeling
Whole mounts of seminiferous tubules were prepared as described (Buaas et al. 2004; Rosen and Beddington 1993) with minor modifications. Tubules from 8-day-old mice were fixed in 4 % PFA at 4°C for 2 h, washed twice with PBST (PBS containing 0.1 % Tween 20) and permeabilized with 0.2 % NP-40 in PBS for 20 min at room temperature. Tubules were then incubated in 1 % BSA in PBST for 1 h at room temperature. The tubules were stained with different antibodies (Table 1) in PBS containing 0.5 % BSA at room temperature overnight, washed three times in PBS for 5 min each, and incubated with suitable secondary antibody (1:1000) for 1 h at room temperature. To obtain seminiferous tubules at specified stages, tubules were isolated from adult mice following procedure previously described (Parvinen et al. 1993) . In brief, the testes were detunicated in cold PBS, and the stagespecific seminiferous tubules were isolated under a dissection microscope according to the differential light transmission patterns of seminiferous tubules. Due to the presence of step 16 spermatids with highly condensed chromatin, stage VII-VIII tubules are darker than tubules at any other stages. In contrast, tubules at stages IX-X are paler due to the presence of less highly condensed step 9 and step 10 spermatids. After identification of specific stages, 1-3 mm segments were collected into a 4-well dish containing cold PBS and fixed and stained in the same manner as tubules from 8-day-old mice. Tubules were washed as before and mounted in Vectashield with DAPI (Vector Laboratories). To confirm the stage of isolated adult seminiferous tubules, some were fixed in Bouin's solution for 1 h followed by ethanol washes, then embedded and subjected to PAS staining. In some experiments, after isolation of specifically staged seminiferous tubules, a squash method was used for the cytological preparation. Squash preparations of germ cells were prepared based on previously described methods (Fujiwara et al. 2013; Kotaja et al. 2004) , with some modifications. Briefly, mouse testes were placed in PBS and detunicated. Seminiferous tubules at stages VII-XI were selected based on light absorption pattern and cut into segments about 1 mm in length. The segments were placed in 15 μl of 100 mM sucrose on a glass slide and squashed with a coverslip to allow the cells to flow from the tubule. The slide was quickly dipped in liquid nitrogen, and the coverslip was removed using a scalpel. The slides were then fixed with 95 % ethanol for 2-5 min and subsequently with 1 % PFA for 2-3 h at RT, followed by 4 % PFA for 15 min at RT. The cells were then permeabilized with 0.15 % Triton X-100 for 10 min at RT. After washing three times in PBS and blocking with ADB, the slides were incubated with primary antibodies and the secondary antibodies References: (Cobb et al. 1999; Eaker et al. 2001; Ichijima et al. 2011; Ishiguro et al. 2011) ( Table 1) in 10 % ADB. The nuclei were counterstained with DAPI, then mounted using glycerol and observed as described using a Leica SP5 confocal microscope (Leica Microsystems, Wetzlar, Germany).
EdU labeling
Methods for labeling proliferating cells with 5-ethynyl-2′-deoxyuridine (EdU) were modified from those previously published (Boateng et al. 2013 ). Mice at age of 8 dpp were intraperitoneally injected with EdU at the dose of 50 mg/kg bodyweight. Six hours after injection, testes were removed from abdomen and put into cold PBS on ice. After removal of tunica albuginea, seminiferous tubules were washed with cold PBS. The tubules were then fixed with 4 % PFA in PBS. The tubules were permeabilized with 0.2 % NP-40 in PBS. After blocking, the incorporated EdU was detected by Click-iT EdU Imaging Kit (Invitrogen) following the manufacturer's procedure. For the combination of immunofluorescence analysis, after the Click-iT reaction, the preparation was incubated in 1 % BSA in PBS for 15 min and then in primary antibodies overnight. After washes, the preparation was incubated in secondary antibodies followed by series of washes. Images were acquired with a Leica SP5 confocal microscope (Leica Microsystems, Wetzlar, Germany).
Surface-spread chromatin preparations
Two methods were used to prepare surface-spread chromatin. Spermatocytes were collected by centrifugation, and cells were surface-spread in wells of multi-spot slides (Shandon, Pittsburgh, PA, USA) and fixed as previously described (Cobb et al. 1997 (Cobb et al. , 1999 Sun and Handel 2008 ). An alternative method (Peters et al. 1997 ) was used with some modifications. Briefly, the testes were detunicated in PBS, and the seminiferous tubules were washed and immersed in ice-cold hypotonic extraction buffer (30 mM Tris, 50 mM sucrose, 17 mM trisodium citrate dihydrate, 5 mM ethylenediaminetetraacetic acid (EDTA), 0.5 mM dithiothreitol (DTT), and 0.5 mM phenylmethylsulphonyl fluoride (PMSF), pH 8.2) for 1 h. Segments of the tubules were minced in 100 mM sucrose solution (pH 8.2), and the cell suspension collected was spread onto a slide glass, previously immersed in 1 % paraformaldehyde containing 0.15 % Triton X-100; the slide was placed in a humidified box for 3 h. The slide was washed twice for 2 min with PBS with 0.04 % Photo-Flo 200 (Kodak, Rochester, NY, USA). After blocking with 5 % dried milk in PBS, the slides were incubated with primary antibodies diluted in the blocking buffer for 3 h at RT. Primary antibodies (Table 1 ) were used as previously described (Sun and Handel 2008 
Antibodies
Primary antibodies are detailed in Table 1 . Antibody recognizing PRDM9 was custom-produced in guinea pig against a peptide encompassing amino acids 101-170 of mouse PRDM9, spanning the region between the KRAB domain and the SSXRD domain (Fig. 1a) . This peptide was expressed in E. coli and purified to homogeneity using affinity chromatograph and fast protein liquid chromatography (FPLC). Crude guinea pig sera were affinity-purified on antigen-conjugated resin. The titer of the purified antibodies was over 1:100,000 as measured by ELISA.
Quantitation of RAD51
Spread chromatin and immunostaining were performed as described as above on testicular cell suspensions from male mice (WT, heterozygotes and homozygous Prdm9 tm1Ymat mutants), age 12-16 dpp. Cells from each preparation were scored by cytological criteria of SYCP3 labeling as late leptotene, early zygotene, and late zygotene. After being photographed, these cells were subjected to counting RAD51 foci using Fiji (Schindelin et al. 2012) ; only clearly visible RAD51 foci associated with SYCP3 were counted. The statistical significance of differences in RAD51 counts among cells and genotypes was assessed by a Mann-Whitney test.
Germ cell isolation and enrichment
Mice at suitable ages were killed by cervical dislocation. Testes were removed, detunicated, and digested in 0.5 mg/ml collagenase (Sigma) in Krebs-Ringer bicarbonate solution (KRB) [120.1 mM NaCl, 4.8 mM KCl, 25.2 mM NaHCO 3 , 1.2 mM KH 2 PO 4 , 1.2 mM MgSO 4 .7H 2 O, 1.3 mM CaCl 2 , 11 mM glucose, 1× essential amino acids, 1× nonessential amino acids] at 32°C for 20 min, followed by digestion in 0.5 mg/ml trypsin (Sigma) containing 20 mg/ml DNase I in KRB at 32°C for 13 min. After digestion, the cell suspension was filtered through an 80-μm mesh filter and washed three times in KRB. Germ cells were then processed as described below. Pachytene spermatocytes from adult mice were enriched by velocity sedimentation as previously described (Baker et al. 2014; La Salle et al. 2009 ).
Chromatin immunoprecipitation and quantitative PCR (ChIP-qPCR)
Cross-linking, chromatin immunoprecipitation to identify sequences exhibiting histone H3K4 trimethylation and qPCR amplification of specific sequences were performed as previously described (Baker et al. 2014) . The primer sequences are listed in Table 2 .
RNA extraction and quantitative RT-PCR (qRT-PCR)
Total RNA was isolated from whole testis using the RNeasy Mini Kit (Qiagen, Valencia, CA, USA), and 1 μg RNA was reverse transcribed using QuantiTect Reverse Transcription Kit (Qiagen, Valencia, CA, USA), according the manufacturer's instructions. Quantitative RT-PCR (qRT-PCR) was performed on the Applied Biosystems 7500 Real-Time PCR System (Foster City, CA) using the QuantiTect SYBR Green® RT-PCR kit (Qiagen). Gene-specific primers were used to determine the overall relative expression levels of Prdm9 according to the standard curve method (Bustin 2000) . qRT-PCR results were normalized to their corresponding Gapdh content. Data are reported as mean±SD. The primer sequences are listed in Table 2 .
Western blot analysis
Total protein was extracted from testes using RIPA buffer (Santa Cruz, Santa Cruz, CA, USA) containing protease inhibitor cocktail (Santa Cruz, Santa Cruz, CA, USA). Protein concentration was measured by the BCA method (Pierce Biotechnology, Rockford, IL, USA). Forty microgram protein from each group was boiled for 5 min, and proteins were separated by electrophoresis using 10 % SDS-PAGE. Proteins were transferred onto PVDF membrane (Millipore, Temecula, CA, USA). The membranes were blocked overnight at 4°C with 5 % dried milk in Tris-buffered saline with 0.1 % Tween-20 and then probed with antibodies at concentrations specified in Table 1 . The blots were incubated for 1 h with primary antibody at room temperature and then incubated with horseradish peroxidase-conjugated secondary antibodies made from mouse or guinea pig (Invitrogen, South San Francisco, CA, USA) for 45 min at room temperature. Proteins were detected using Pierce ECL Plus Western blotting substrate (Thermo Scientific, IL, USA).
Cell culture and transfection
HEK293 cells were cultured in DMEM (Gibco, Life Technologies) supplemented with 10 % FBS (Gibco) at 37°C and 5 % CO 2 . Twenty-four hours prior to transfection, cells were seeded with 10 ml 2.5x10 5 cell/ml in 10 cM plates with tissue culture treated glass slides. Cells were transfected using FuGENE HD (Promega, Madison, WI, USA) transfection reagent following manufacturer's protocol and 10 ng of plasmid DNA. Full-length PRDM9 was cloned from mouse testis cDNA library into the pCEP4 expression vector (Invitrogen) . A 3X-FLAG tag was inserted in frame replacing the 5′ start methionine using yeast-based homologous recombination technology to allow detection of expressed protein.
